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  21 
Abstract 22 
 23 
The cortical collecting duct (CCD) forms part of the aldosterone-sensitive distal nephron and 24 
plays an essential role in maintaining the NaCl balance and acid-base status. The CCD 25 
epithelium comprises principal cells as well as different types of intercalated cells. Until 26 
recently, transcellular Na+ transport was thought to be restricted to principal cells, while (acid-27 
secreting) type A and (bicarbonate-secreting) type B intercalated cells were associated with the 28 
regulation of acid-base homeostasis. This review describes how this traditional view has been 29 
upended by several discoveries in the last decade. A series of studies has shown that type B 30 
intercalated cells can mediate electroneutral NaCl reabsorption by a mechanism involving Na+-31 
dependent and Na+-independent Cl-/HCO3
- exchange, and that is energetically driven by 32 
basolateral vacuolar H+-ATPase pumps. Other research indicates that type A intercalated cells 33 
can mediate NaCl secretion, through a bumetanide-sensitive pathway that is energized by 34 
apical H+,K+-ATPase type 2 pumps operating as Na+/K+ exchangers. We also review recent 35 
findings on the contribution of the paracellular route to NaCl transport in the CCD. Lastly, we 36 
describe cross-talk processes, by which one CCD cell type impacts Na+/Cl- transport in another 37 
cell type. The mechanisms that have been identified to date demonstrate clearly the 38 
interdependence of NaCl and acid-base transport systems in the CCD. They also highlight the 39 
remarkable versatility of this nephron segment. 40 
 41 
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 43 
  44 
Introduction 45 
 46 
The cortical collecting duct (CCD) forms part of the aldosterone-sensitive distal nephron, where 47 
the urinary excretion of Na+, K+, and Cl- is fine-tuned so as to match dietary intake. As such, the 48 
CCD plays an important role in maintaining homeostasis. Flux measurements based on the 49 
microperfusion technique have shown that the CCD reabsorbs Na+ and Cl- and secretes K+ in 50 
response to sodium depletion or aldosterone treatment, whereas little transport occurs under 51 
basal conditions (40, 48, 57, 94).   The CCD epithelium consists of principal cells among which 52 
are interspersed intercalated cells; the latter are subdivided into type A (or alpha), type B (or 53 
beta), and non-A non-B cells. The proportion of intercalated cells is approximately 40% in rat 54 
and mouse CCD, a majority of which are type A cells (30).  55 
As described in more detail below, principal cells express the epithelial Na+ channel ENaC and 56 
the renal outer medullary K+ channel (ROMK) at the apical membrane and Na+,K+-ATPase 57 
pumps basolaterally (Figure 1). Type A intercalated cells express H+-ATPase on the apical side, 58 
and the Cl-/HCO3
- exchanger AE1 on the basolateral side. Type B intercalated cells express the 59 
Cl-/HCO3
- exchanger pendrin on the apical side, and H+-ATPase on the basolateral side. Non-A 60 
non-B intercalated cells express both H+-ATPase and pendrin at the apical membrane. It is 61 
noteworthy that intercalated cells express only low amounts of Na+,K+-ATPase compared to 62 
principal cells, as discussed further below. Given this distribution, until recently (acid-secreting) 63 
type A and (bicarbonate-secreting) type B intercalated cells were thought to mostly regulate 64 
acid-base balance, and transcellular Na+ reabsorption was believed to be mediated exclusively 65 
by principal cells.  66 
This traditional view began to be questioned in the 2000s by studies showing that pendrin, the 67 
Cl-/HCO3
- exchanger that is expressed by intercalated cells, plays an important role in NaCl 68 
conservation and blood pressure regulation (32, 87, 94) – suggesting that intercalated cells 69 
contribute to the maintenance of extracellular fluid volume and NaCl homeostasis. In fact, in 70 
the last few years, studies have shown that type A and type B intercalated cells can also (in 71 
addition to principal cells) mediate transcellular Na+ transport in the CCD. A novel paradigm is 72 
therefore emerging, according to which each cell type may not have a specialized, unique 73 
function but instead contributes to the complex system that is required to maintain ionic 74 
balance. 75 
The mechanisms underlying these newly discovered Na+ transport pathways are reviewed 76 
below. For a broader description of the role of pendrin and intercalated cell function, we refer 77 
the reader to the recent reviews of Wall (92), Soleimani (76), and Roy et al. (65). 78 
 79 
Na+ Reabsorption across Principal Cells 80 
Evidence for transepithelial, vectorial Na+ transport was first obtained in frog skin in the 1950s 81 
(36, 84). This transport was subsequently associated with the presence of an electrogenic, 82 
amiloride-sensitive Na+ conductance on the apical side of frog skin cells (38). These 83 
observations led to the concept of active transport across epithelia, involving an apical Na+ 84 
conductance and a basolateral Na+ pump. This Na+ transport system was then searched for in 85 
other epithelia including renal tubules. Using the technique of in vitro microperfusion, Stoner et 86 
al. (81) identified an electrogenic, amiloride-sensitive mechanism transporting Na+ in the rabbit 87 
CCD similar to the one characterized in frog skin. The presence of this transport system was 88 
then confirmed in rat CCD and found to be stimulated when animals were fed a low-Na+ diet or 89 
treated with mineralocorticoids (55, 72). After years of efforts to identify the underlying 90 
transport proteins, the group of Rossier succeeded in cloning the Epithelial Na+ Channel (ENaC) 91 
by using a strategy of expression cloning in Xenopus oocytes (6, 7). This group identified three 92 
cDNAs (,  and ENaC subunits) isolated from rat colon that, when expressed together, gave a 93 
Na+ current with characteristics similar to the ones observed in native tissue. ENaC is a low-94 
conductance (5-10 pS), highly-selective Na+ channel (PNa/PK> 20 – 100) with a rather high open 95 
probability (for more details on the biophysical characteristics of ENaC in different 96 
environments, see Ref. (16)). In the kidney, all three subunits are specifically expressed in the 97 
principal cells (PC) of the distal convoluted tubule, the connecting tubule, and the cortical, 98 
outer and inner medullary collecting duct (15, 91).  99 
To assess the role of ENaC in salt balance, Hummler et al. (26) inactivated the mouse -ENaC 100 
gene by gene targeting and found that ENaC-null mice did not survive after birth because they 101 
were unable to clear their lungs of liquid. This strong pulmonary phenotype impeded 102 
investigations into the role of ENaC in the kidney. During the same period, mutations of the -103 
ENaC subunit gene were associated with Liddle’s syndrome, an inherited disease characterized 104 
by early-onset hypertension, hypokalemia, and low plasma aldosterone levels (74). These 105 
mutations produced hyperactive ENaC channels when expressed in Xenopus oocytes (70); 106 
moreover, transgenic mice expressing the -subunit mutations found in Liddle’s syndrome 107 
recapitulated all the symptoms of the disease (63). These results strongly supported the role of 108 
ENaC in maintaining Na+ balance, ENaC dysregulation leading to a severe phenotype. To 109 
conclusively confirm the physiological role of ENaC in the kidney and to circumvent the lung 110 
phenotype, a collecting duct-specific ENaC-null mice model was generated (66). Surprisingly, 111 
these mice did not evince any abnormalities under a normal diet and they adapted normally to 112 
a low-Na+ or a high-K+ diet despite the complete absence of ENaC expression in the collecting 113 
duct. This unexpected observation led different investigators to reconsider the role of the CCD 114 
and ENaC in the overall regulation of Na+ and K+ balance. Compensation by other segments 115 
expressing ENaC, such as the connecting tubule (CNT), and/or the presence of other Na+ 116 
transport system(s) in the CCD (see below) could explain the normal phenotype of collecting 117 
duct-specific ENaC-null mice. To explore the hypothesis that the CNT could play an important 118 
role in Na+ and K+ homeostasis, Christensen et al. (9) generated a principal cell-specific ENaC-119 
null mice.  Under normal conditions, these mice, which lack ENaC both in the CNT and CCD, 120 
display a higher natriuresis (compared to WT mice) that does not affect their growth and is not 121 
counterbalanced by a higher food intake. When challenged with a low-Na+ diet for many days, 122 
these mice are unable to retain Na+ and continuously lose weight.  123 
Evidence that K+ secretion and Na+ reabsorption in the CD (45) are both mineralocorticoid-124 
dependent processes (72) suggested that these two mechanisms may be related. This became 125 
clear when 1 / Stoner et al. (81) observed that amiloride inhibits both Na+ reabsorption and K+ 126 
secretion in microperfused rabbit CCD and 2/ Stokes (80), also in rabbit microperfused CCD, 127 
clearly demonstrated the correlation between the presence of Na+ in the lumen, a negative 128 
transepithelial potential, and the ability to secrete K+. ENaC, by mediating electrogenic 129 
amiloride-sensitive Na+ reabsorption in the connecting tubule and collecting duct, generates 130 
the transepithelial voltage that drives K+ secretion. That ENaC is a key player in K+ balance was 131 
decisively established by studies in principal cell-specific ENaC-null mice; these mice were not 132 
able to adapt to a high-K+ diet, and became severely hyperkalemic because of their inability to 133 
excrete K+ loads (9).  134 
Since its formal identification, ENaC has been the subject of thousands of articles and is 135 
considered to be the royal, if not the only, route for Na+ reabsorption in the connecting tubule 136 
and collecting duct. Notwithstanding the physiological relevance of ENaC in the kidney, it is 137 
important to recognize that other Na+ transport systems have recently been identified in the 138 
CCD. Fully characterizing these new systems is necessary to understand how the various Na+ 139 
transport pathways in this segment may cooperate to fine-tune urinary Na+ secretion in 140 
different physiological contexts. 141 
 142 
NaCl Reabsorption across Type B Intercalated Cells 143 
Intercalated cells were long thought to primarily regulate acid-base homeostasis. In 1990, 144 
Terada and Knepper (82) described a thiazide-sensitive NaCl reabsorption pathway in isolated 145 
perfused cortical collecting ducts from rats treated with deoxycorticosterone.  They found that 146 
amiloride and hydrochlorothiazide each decreased net Na+ absorption by ~ 50%, and that the 147 
combination of both agents reduced the transepithelial flux of Na+ (JNa) by ~ 80%. Moreover, in 148 
contrast with amiloride, hydrochlorothiazide had no impact on the transepithelial voltage. 149 
Terada and Knepper concluded that NaCl reabsorption in the CCD is mediated by two parallel 150 
pathways, the “classical”, amiloride-inhibitable, electrogenic pathway, and a thiazide-151 
inhibitable, electroneutral pathway. Two decades later, this additional pathway was 152 
characterized in sodium-depleted mice by Eladari, Chambrey and coworkers (8, 40). They first 153 
confirmed that the amiloride-resistant component of JNa is electroneutral, and established, 154 
using ENaC- and NCC-deficient mice, that it is independent of ENaC and NCC.  155 
The work of Wall and colleagues had previously shown that the Cl-/HCO3
- exchanger pendrin 156 
(SCL26A4) is critical in the pathogenesis of mineralocorticoid-induced hypertension and 157 
metabolic alkalosis (87), and that during NaCl restriction, Cl- reabsorption is abolished in 158 
pendrin-null mice (94). Eladari, Chambrey, and colleagues thus postulated that thiazide-159 
sensitive NaCl transport might arise from the coupling between pendrin-mediated Cl- 160 
reabsorption and H+- or HCO3
--dependent Na+ reabsorption. They subsequently found that the 161 
Na+-dependent Cl-/ HCO3
- exchanger NDCBE (SLC4A8) is expressed in the CCD, and that its 162 
ablation abolishes amiloride-resistant NaCl transport in the CCD. Their combined results 163 
suggest that NDBCE operates in conjunction with pendrin to drive electroneutral NaCl 164 
reabsorption across intercalated cells (40). A follow-up study demonstrated that amiloride-165 
resistant NaCl transport is also abolished in mice lacking the sodium-bicarbonate cotransporter 166 
AE4 (SLC4A9), which is specifically expressed in the basolateral membrane of type B 167 
intercalated cells (8). Furthermore, amiloride-resistant JNa and JCl were unaffected by treatment 168 
with the Na+,K+-ATPase inhibitor ouabain, but became negligible in the presence of basolateral 169 
bafilomycin, an inhibitor of the vacuolar-type H+-ATPase (V-ATPase). As summarized in Figure 2, 170 
altogether these findings suggest that electroneutral NaCl reabsorption occurs via type B cells, 171 
is energized by the proton pump, and requires the concerted action of pendrin, NDCBE, and 172 
AE4.  173 
Thus, while pendrin directly mediates bicarbonate secretion, it also indirectly drives the 174 
basolateral reabsorption of Na+ and HCO3
- (via AE4). This raises the possibility that type B cells 175 
may respond to signals that favor one or another of these transport processes, depending on 176 
homeostasis requirements.  On the basolateral side, Cl- reabsorption in type B cells is thought 177 
to be mediated by ClC-Kb Cl- channels in humans (ClC-K2 in rodents)  (53). Our laboratory 178 
recently showed that ClC-Kb activity is strongly dependent on intracellular and extracellular pH, 179 
such that pH-dependent changes in the basolateral Cl- conductance could allow type B cells to 180 
switch between different transport modes, namely NaCl reabsorption, Cl-/HCO3
- exchange, or 181 
NaHCO3 reabsorption (62). As illustrated in Figure 2, an increase in ClC-Kb activity induced by 182 
high pH ought to enhance HCO3
- secretion, whereas a decrease in ClC-Kb activity elicited by low 183 
pH should promote NaHCO3 reabsorption. 184 
As described below, Wall and colleagues have shown that pendrin modulates both the 185 
abundance and function of ENaC (32, 57). In pendrin-null mice on a NaCl-depleted diet or 186 
treated with aldosterone analogs, ENaC protein expression and activity were reduced, which 187 
could partly explain the impaired ability of these mice to retain Na+ and maintain a normal 188 
blood pressure (32). Hence, both ENaC-mediated Na+ reabsorption and NDCBE-mediated Na+ 189 
reabsorption appear to be pendrin-dependent.  190 
The importance of pendrin in maintaining acid-base balance, NaCl conservation, and normal 191 
blood pressure during NaCl restriction is well established (32, 87, 94). Pendrin also plays an 192 
important role in regulating NaCl reabsorption and blood pressure under a high-salt diet (28). 193 
However, under basal conditions, the contribution of pendrin to the renal handling of NaCl 194 
appears to be small. Pendrin-null mice on a NaCl-replete diet do not exhibit renal salt wasting 195 
or diuresis (1, 94). Similarly, there is no evidence that NDCBE plays an important role under 196 
basal conditions. Deletion of NDBCE does not affect the urinary excretion of Na+ and Cl- in mice 197 
on a NaCl-replete diet (75). In fact, even during NaCl depletion, NDCBE-null mice exhibit only 198 
mild perturbations of NaCl and fluid homeostasis (75).  These observations can be explained by 199 
the compensatory effects that the Na+-Cl- cotransporter NCC exerts in the distal convoluted 200 
tubule. Soleimani and coworkers found that pendrin-NCC double knock-out mice displayed 201 
severe renal water and salt wasting under basal conditions, leading to volume depletion, renal 202 
failure, and metabolic alkalosis (77). Likewise, NDCBE-NCC double knock-out mice exhibited 203 
pronounced volume contraction during NaCl depletion (75). Their phenotype, however, was 204 
mild when compared to that of pendrin-NCC double knock-out mice, presumably because 205 
ENaC-mediated, pendrin-dependent Na+ reabsorption is preserved in the former mouse model. 206 
 207 
We should note that there is some controversy as to whether pendrin-dependent, NDCBE-208 
mediated Na+ reabsorption is thiazide-sensitive. Several studies reported that 209 
hydrochlorothiazide does not inhibit pendrin nor NDCBE in Xenopus oocytes or other 210 
heterologous expression systems (10, 40), even when used at the same high concentration (0.1 211 
mM) as in isolated CCDs (40). Hydrochlorothiazide is known to inhibit carbonic anhydrase (CA), 212 
but the CA inhibitor acetazolamide did not affect NDCBE activity in isolated CCDs (40). 213 
Furthermore, in aldosterone-treated mice, hydrochlorothiazide (0.1 mM) had no effect on Cl- 214 
reabsorption in perfused CCDs (58). The impact of thiazide on electroneutral Na+ reabsorption 215 
in type B cells is therefore unclear. 216 
 217 
A number of other questions remain to be addressed. The direction in which Na+ is transported 218 
across NDCBE under physiological conditions needs to be clarified. In vitro, in the absence of 219 
lumen-to-bath concentration gradients, the driving force across NDCBE moves Na+ from the 220 
lumen into the cytosol. In vivo, however, the concentration of HCO3
- may be significantly lower 221 
in the lumen than in the cytosol, due to HCO3
- reabsorption in more proximal segments and 222 
active proton extrusion in type B cells. Thus, it is possible that NDCBE acts to secrete Na+ and 223 
HCO3
- under these conditions. The basolateral Na+ exit pathway in type B cells also needs to be 224 
further investigated. Based upon the observation that amiloride-resistant Na+ and Cl- 225 
reabsorption is abolished in CCDs from AE4-null mice, as well as other findings, it has been 226 
postulated that AE4 acts as an electrogenic Na+-3HCO3
- cotransporter to mediate Na+ extrusion 227 
from type B cells (8). However, the functional properties of AE4 have yet to be fully understood; 228 
this transporter has been alternatively described as a Na+-independent Cl-/HCO3
- exchanger, a 229 
Na+-driven Cl-/HCO3
- exchanger, or a Na+-HCO3
- cotransporter (8, 35, 61, 83). A recent study 230 
suggests that AE4 may be an electroneutral, nonselective cation-dependent Cl-/HCO3
- 231 
exchanger (61). 232 
 233 
NaCl Transport across Type A Intercalated Cells 234 
Recent studies from two laboratories suggest that type A cells in the CCD may also mediate 235 
NaCl transport. Wall and colleagues were the first to provide evidence that these intercalated 236 
cells may secrete Cl- into the lumen. Starting from the observation that the relative magnitude 237 
of the amiloride-sensitive and thiazide-sensitive components of the Cl- flux varies significantly 238 
between studies (40, 82), they examined the mechanisms by which ENaC modulates Cl- 239 
reabsorption (58). In mice given aldosterone for 7 days, application of the ENaC inhibitor 240 
benzamil abolished the lumen-negative transepithelial voltage and reduced Cl- reabsorption by 241 
~ 70%; in mice on a high-salt diet, benzamil elicited Cl- secretion. Given previous findings that 242 
the CCD expresses the Na+-K+-2Cl- cotransporter isoform 1 (NKCC1) (27, 43), Wall and 243 
coworkers postulated that this cotransporter may mediate Cl- secretion in that segment, as had 244 
been observed in rat outer medullary collecting duct (OMCD) (93). Their immunohistochemistry 245 
results showed that, in the CCD and OMCD of aldosterone-treated mice, NKCC1 expression was 246 
restricted to the basolateral membrane of type A cells (58). Moreover, application of the NKCC1 247 
inhibitor bumetanide significantly enhanced Cl- reabsorption across microperfused CCD from 248 
aldosterone-treated mice (58). Altogether these results indicate that the benzamil-sensitive 249 
component of the transepithelial Cl- flux is mediated, at least in part, by NKCC1. 250 
 251 
Subsequent studies by the same group showed that inhibiting ENaC stimulates the secretion of 252 
both Cl- and H+ in the mouse CCD (51). Blocking the apical H+-ATPase reduced benzamil-253 
sensitive Cl- secretion without significantly affecting the transepithelial voltage, that is, without 254 
modifying the driving force for Cl- transport across the paracellular pathway (51). These results 255 
confirmed that Cl- secretion in the CCD is not solely mediated by tight junctions. 256 
 257 
The apical Cl- conductance pathway in type A cells remains to be elucidated. In mouse and rat 258 
CCD, type A intercalated cells express the Cl- channel ClC-5 in apical regions (22, 50), but gene 259 
ablation studies and mathematical modeling both indicate that ClC-5 is not a significant 260 
pathway for benzamil-sensitive Cl- secretion (50).  Cl- secretion in the mouse CCD is not affected 261 
by the CFTR inhibitor CFTRinh 172 (58), but it is reduced by the stilbene inhibitor DIDS (50). DIDS 262 
is known to inhibit the Cl- transporter SLC26A11, which localizes with the vacuolar H+-ATPase on 263 
the apical membrane of type A cells and on the basolateral membrane of type B cells (97). 264 
SLC26A11 functions as a Cl- channel or a Cl-/HCO3
- exchanger in heterologous expression 265 
systems (79, 97). However, preliminary calculations do not seem to support its involvement in 266 
Cl- secretion across type A cells (50), and the transporter that mediates Cl- exit on the apical 267 
side in type A cells has yet to be identified.  268 
 269 
An important question raised by the discovery of Cl- secretion by type A cells concerns the 270 
cation that accompanies Cl-. Activation of NKCC1 triggers the uptake of not only Cl- but also Na+ 271 
and K+. Potassium may be recycled at the basolateral side by K+ channels (reviewed in Ref. (23)). 272 
As for Na+, it should be also returned to the interstitium by Na+,K+-ATPase pumps. However, 273 
Na+,K+-ATPase expression in type A cells is very weak (5, 29); thus it is conceivable that Na+ is 274 
instead secreted into the lumen along with Cl-. In a recent study (49), we found that when CCD 275 
from mice on a Na+-depleted diet were microperfused under asymmetric conditions (i.e., with 276 
physiological lumen-to-bath concentration gradients), they secreted a small amount of Na+ (the 277 
transepithelial Na+ flux, JNa, averaged -8 pmol/min/mm). Under these conditions, blocking 278 
ENaC-mediated Na+ reabsorption using amiloride revealed the presence of a “hidden” Na+ 279 
secretion pathway that could be eliminated by bumetamide (Figure 3). Thus, the apparently 280 
small Na+ flux observed in the absence of inhibitors was in fact the net result of opposite 281 
movements across different transcellular and paracellular pathways. Interestingly, under 282 
conventional (symmetric) microperfusion conditions, Chambrey et al. (8) had also observed 283 
significant Na+ and Cl- secretion when the reabsorption pathways described above were 284 
inhibited (that is, in pendrin- or NDBCE-null mice in the presence of amiloride). Altogether 285 
these results indicate that the CCD has the capacity to secrete Na+ and Cl- through a 286 
bumetanide-dependent pathway in addition to the paracellular route. 287 
 288 
The nature of the transporter that mediates apical Na+ exit was not obvious since transcellular 289 
Na+ secretion requires moving Na+ against its electrochemical gradient. Interestingly, type A 290 
cells are known to express the so-called H+,K+-ATPase type 2 (HKA2, encoded by the atp12a 291 
gene) on their apical side (44, 90). This pump does not exclusively mediate H+/K+ exchange; it 292 
has been known for two decades to also transport Na+ and to function as a Na+,K+-ATPase (13, 293 
14, 20). To test our hypothesis that HKA2 could mediate transcellular Na+ secretion in the CCD, 294 
we measured Na+ fluxes in HKA2-null mice under asymmetric conditions and in the presence of 295 
amiloride (49). We found that Na+ secretion was reduced by about 50% in HKA2-null mice 296 
relative to WT mice; moreover, the JNa decrease was similar to that measured in WT mice in the 297 
presence of bumetanide (Figure 3).  These results strongly support the role of HKA2 and NKCC1 298 
in mediating the transcellular secretion of Na+ in type A intercalated cells. As to the 299 
physiological relevance of this secretory pathway, we speculate that it may help the kidney to 300 
excrete large amounts of salt when needed. In support of this, we observed that HKA2-null 301 
mice did not excrete Na+ as efficiently as their WT littermate following an increase in NaCl 302 
intake (49). 303 
 304 
Many questions remain to be elucidated, in addition to the nature of the apical Cl- transporter. 305 
The ability of the CCD to both reabsorb Na+ via principal and type B cells and secrete Na+ via 306 
type A cells suggests that regulatory factors may be decisive in determining the net direction of 307 
transport. Further studies should investigate the role of hormonal and neural agents in 308 
regulating NaCl transport pathways across intercalated cells, so as to shed light on the factors 309 
that allow the CCD to switch from a reabsorption to a secretion mode, and vice-versa.  310 
 311 
NaCl Transport across the Paracellular Route 312 
The paracellular route has long been recognized as an important Cl- transport pathway in the 313 
CCD (69). Its conductance is on the order of 1-6 mS/cm2 in rabbits and rodents (37, 49, 67, 96), 314 
which represents 50-70% of the overall transepithelial conductance (54, 71, 81).  Paracellular Cl- 315 
reabsorption is driven by the lumen-negative transepithelial potential difference that is 316 
established in part by ENaC.  317 
The permeability of the paracellular pathway is imparted by claudins, tight junction proteins 318 
that form selective channels. In rodents, the collecting duct expresses claudins 3, 4, 7, and 8 319 
(33, 34, 41). Their role has been recently elucidated by the work of Hou and colleagues. In 320 
native collecting duct cell lines (M-1 and mIMCD3), knock-down of claudin 7 by RNA 321 
interference lowered the paracellular resistance by 30% without affecting the Cl--to-Na+ 322 
permeability ratio; knock-down of either claudin 4 or claudin 8 selectively reduced the Cl- 323 
permeability, whereas knock-down of claudin 3 had no discernible impact (25). The positively 324 
charged lysine residue at position 65 of claudin 4 is critical for its Cl- permeability; moreover, 325 
assembly of claudin 4 into tight junctional strands is contingent upon its interaction with 326 
claudin 8 (25). Thus, collecting duct-specific knockout mouse models of either claudin 4 or 327 
claudin 8 both exhibit hypotension, hypochloremia, and metabolic acidosis, due to renal loss of 328 
Cl- (17, 18). 329 
The Cl--to-Na+ paracellular permeability ratio ranges between 1.1 and 1.3 in the CCD of 330 
desoxycorticosterone acetate-treated rats (71), which suggests that paracellular Na+ transport 331 
may also be significant.  Indeed, our laboratory observed that in Na+-depleted mice, following 332 
inhibition of transcellular NaCl transport, the CCD avidly secreted Na+ when perfused under 333 
asymmetric conditions (49).  Furthermore, based on mathematical modeling, we estimated that 334 
in the absence of any inhibitors, paracellular Na+ secretion was comparable in magnitude to 335 
ENaC-mediated Na+ reabsorption (49). Substantial K+ reabsorption was also observed when 336 
transcellular NaCl transport was blocked, but it could not be fully ascribed to the paracellular 337 
route (49). The extent to which this pathway is permeable to K+ remains to be ascertained. 338 
Relative to transcellular pathways, the paracellular route in the CCD has received little 339 
attention. Its transport properties are likely determined by the presence (and relative amounts) 340 
of several types of claudins and occludins (78). Little is known about its regulation.  341 
 342 
Cross-Talk and Regulation  343 
The finding that cell types and ion transporters previously thought to solely regulate acid/base 344 
homeostasis also contribute to the maintenance of the NaCl balance suggests that the 345 
underlying transport systems are interlinked and do not operate independently. An extensive 346 
analysis of the factors that regulate transport in principal and intercalated cells can be found in 347 
other reviews (e.g., in Refs. (56, 65)). In this section, we focus on observations of cross-talk 348 
between cells and different transport systems: several such mechanisms, by which one CCD cell 349 
type may impact Na+ or Cl- transport in another, have been identified to date. Interestingly, this 350 
analysis of published results clearly indicates that acid/base transport and Na+/Cl- transport are 351 
intrinsically dependent upon each other. 352 
Interactions between principal cells and type B cells  353 
It is now well established that transport in CCD principal cells is regulated by signals emanating 354 
from type B cells. The existence of such cross-talk was expected given that in vitro, variations in 355 
extracellular pH or Cl- directly affect ENaC activity (11, 12), suggesting that changes in acid/base 356 
transporter activity in intercalated cells can impact ENaC-mediated Na+ reabsorption. Indeed, 357 
studies in WT and pendrin-null mice have demonstrated that both the cell surface expression 358 
and the open probability of ENaC are upregulated by pendrin (32, 59). Pendrin modulates ENaC 359 
abundance and activity by, at least in part, increasing the luminal concentration of HCO3
- and/or 360 
pH (57); the underlying molecular mechanisms have yet to be determined. These findings 361 
signify that the activation of pendrin stimulates both ENaC-mediated and NDCBE-mediated Na+ 362 
reabsorption pathways, as described above.  363 
Additionally, it has been shown that ATP release from type B intercalated cells activates P2Y2 364 
receptors in principal cells and thereby stimulates PGE2 synthesis, which in turn reduces ENaC 365 
expression (21). Since pendrin gene ablation reduces the expression of H+-ATPase in type B cells 366 
(31), these results suggest that pendrin may also regulate transport across ENaC via its impact 367 
on ATP consumption and release by type B cells and subsequent ATP/PGE2 signaling in principal 368 
cells. 369 
To our knowledge, a reciprocal impact of ENaC on NaCl transport in type B cells has not been 370 
demonstrated.  It should be noted that pendrin is regulated by many of the factors that 371 
modulate ENaC expression, including aldosterone (87, 98), angiotensin II (73, 88), and 372 
vasopressin (2). Pendrin expression is also altered by changes in Cl- intake and/or distal Cl- 373 
delivery (47, 64, 85, 89) and by cAMP/PKA signaling (4), while pendrin activity is modulated by 374 
intracellular and extracellular pH (3). Na+ transport across NDCBE and AE4 in the CCD remains 375 
poorly characterized, and its regulation has not been investigated. 376 
 377 
Interactions between principal cells and type A cells  378 
Given that NaCl secretion by type A cells was identified only recently, the mechanisms that 379 
regulate the underlying pathways have not yet been studied. A possible cross-talk mechanism 380 
encompassing the 3 cell types in the CCD involves angiotensin II, which was found to upregulate 381 
H+-ATPase expression apically in type A cells (60). Wall and colleagues postulated that the 382 
subsequent increase in proton secretion enhances the titration of HCO3
- in the lumen, and 383 
thereby augments the driving force for Cl-/HCO3
- exchange and thus Cl- reabsorption in type B 384 
cells. In parallel, since H+-ATPase is an electrogenic transporter, its stimulation could reduce the 385 
lumen-negative transepithelial voltage and thus increase Na+ absorption via ENaC in principal 386 
cells (60). These putative regulatory mechanisms remain to be validated experimentally.   387 
Studies by Wingo and coworkers indicate that type A cells may also impact electrogenic Na+ 388 
reabsorption across principal cells by another mechanism, involving H+,K+-ATPase-mediated 389 
regulation of  ENaC activity and expression. In mouse CCD, the mineralocorticoid 390 
desoxycorticosterone pivalate (DOCP) increased HKA2 expression in type A cells, and HKA2 391 
ablation interfered with DOCP-induced Na+ retention (19), through a mechanism yet to be 392 
elucidated.  Another recent study suggests moreover that H+,K+-ATPase type 1 (HKA1, the 393 
gastric form) plays an important role in purinergic-dependent ENaC inhibition under high-salt 394 
conditions (46). Mironova et al. observed that ENaC activity was not appropriately 395 
downregulated in HKA1-null mice on a high-Na+ diet, leading to Na+ retention and an impaired 396 
dipsogenic response. Urinary ATP was lower in HKA1-null mice on a high-Na+ diet, relative to 397 
WT mice on the same diet, which may explain why ENaC was less inhibited in the KO mice (46). 398 
However, the phenotypic complexity of the HKA1-null mice and the possible contribution of 399 
other mechanisms make it difficult to interpret all these findings. Our laboratory has also shown 400 
recently that during K+ depletion, the absence of HKA2 hinders the inhibition of ENaC and 401 
interferes with the regulation of AQP2 (95). 402 
Taken together, these studies demonstrate a clear connection between the activity of H+,K+-403 
ATPases in type A cells and that of principal cell transporters.  404 
 405 
Interactions between paracellular and transcellular NaCl transport systems 406 
Even though few studies have examined the regulation of paracellular transport in the CCD, a 407 
number of findings suggest that the paracellular pathway is regulated concomitantly with 408 
transcellular pathways. Chronic administration of deoxycorticosterone acetate to rabbits 409 
reduces the tight junction conductance of the CCD epithelium (68). Aldosterone rapidly 410 
promotes the phosphorylation of claudin 4 in isolated rat CCD cells, with a subsequent Cl- flux 411 
increase and transepithelial resistance decrease (39). Trypsin and channel-activating protease 1 412 
(Cap1) modulate not only amiloride-sensitive currents but also the transepithelial resistance 413 
and paracellular Cl- permeability in mouse M1 cells (18, 42, 86). Based upon the observation 414 
that Cap1 is upregulated by aldosterone in M1 cells (52), it has been postulated that Cap1 plays 415 
a role in fine-tuning the response of the CCD to hyperkalemia-triggered hyperaldosteronism, by 416 
altering differentially the transport of Na+ and Cl-, and in turn that of K+ (24). It should be noted, 417 
however, that in another study aldosterone had no impact on the activity and abundance of 418 
Cap1 in M1 cells (42). 419 
 420 
Conclusion 421 
Biological processes involve complex interconnections, including feed-back and feed-forward 422 
systems. The fine-tuning of urinary salt excretion is not an exception. The picture of the cortical 423 
collecting duct as a segment that consists of different cell types with specialized and distinct 424 
functions, although easy to understand and describe, does not fit with the latest observations.  425 
The findings, recent or not, that are recapitulated above highlight its versatility: the collecting 426 
duct has the capacity to reabsorb Na+ through an electrogenic pathway (with parallel transport 427 
of K+ but not Cl-) or through an electroneutral system (that may be turned on or off depending 428 
on interstitial pH), to secrete Na+ and Cl- via another transcellular pathway, and to move ions 429 
through paracellular routes depending on electrochemical gradients. With its ability to 430 
concurrently reabsorb or secrete Na+ and Cl-, promote or limit K+ secretion, and regulate acid-431 
base homeostasis, the cortical collecting duct can adapt its response to a wide range of 432 
physiological conditions, such as high- or low-salt (and/or potassium) intake with/without acid-433 
base disturbances.  It remains now to understand how these transport processes are 434 
coordinated and to clearly identify the regulatory pathways that control them. 435 
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FIGURE LEGENDS 702 
 703 
Figure 1: Schematic representation of collecting duct cells with the main transporters of Na+, Cl-704 
, K+, H+ and HCO3
-. 705 
Principal cells are energized by basolateral Na+,K+-ATPase (NKA) pumps and reabsorb Na+ from 706 
the lumen via the Epithelial Na+ Channel (ENaC). Potassium exits the cell on the apical side 707 
mainly through the Renal Outer Medullary K+ Channel (ROMK, Kir1.1), and on the basolateral 708 
side through a variety of K+ channels. Type A intercalated cells express at their apical membrane 709 
vacuolar H+-ATPases and H+,K+-ATPases type 1 and 2, which promote H+ excretion, and as yet 710 
undefined Cl- transporters. At the basolateral membrane, they express the Cl-/HCO3
- exchanger 711 
AE1, the Na+-K+-2Cl- cotransporter isoform 1 (NKCC1), Cl- channels (ClC-Kb), and K+ channels. 712 
Type B intercalated cells are equipped with pendrin (Pdn) and the Na+-dependent Cl-/HCO3
- 
713 
exchanger (NDCBE) at the apical membrane, and with Na+-HCO3
- cotransporters (AE4), Cl- 714 
channels, and vacuolar H+-ATPases at the basolateral membrane.  715 
 716 
Figure 2: Na+ and Cl- transport through type B cells in the cortical collecting duct. 717 
The transport of Na+ and Cl- in type B cells is energized by the vacuolar H+-ATPase (left panel). 718 
The net transcellular fluxes of Na+, Cl-, and HCO3
- across these cells likely depend on acid-base 719 
status (right panels). The activity of ClC-Kb modulates the cytosolic concentration of Cl-, thereby 720 
modifying the driving force across the Cl- transporters pendrin and NDCBE, which in turn affects Na+ and 721 
HCO3
- transport. Under low extra- and intracellular pH conditions, ClC-Kb activity is reduced, 722 
which may switch the cell into a Na+-HCO3
- reabsorption mode. Conversely, under alkaline 723 
conditions, ClC-Kb is activated; this should favor HCO3
- secretion in parallel with NaCl 724 
reabsorption. 725 
 726 
Figure 3: Components of the Na+ flux measured by microperfusion in mouse CCD under 727 
asymmetric conditions. 728 
Measured JNa in the CCD of Na
+-depleted mice, perfused in the presence of transepithelial 729 
concentration gradients. Results are shown for WT mice without any inhibitors (light orange), in 730 
the presence of amiloride (dark orange), with both amiloride and bumetanide (purple), and for 731 
HKA2-KO mice in the presence of amiloride (red). The contributions of each component are 732 
indicated; note that they strongly depend upon the physiological context and experimental 733 
conditions. Under the conditions examined here, the Na+ flux across the electroneutral pathway 734 
is thought to be small (~ 1 pmol/min/mm, not shown). Adapted from Ref. (49). 735 
 736 
 737 



